Recent experiments have revitalized the interest in a Fermi gas of ultracold atoms with strong repulsive interactions. In spite of its seeming simplicity, this system exhibits a complex behavior, resulting from the competing action of two distinct instabilities: ferromagnetism, which promotes spin anticorrelations and domain formation; and pairing, that renders the repulsive fermionic atoms unstable towards forming weakly bound bosonic molecules. The breakdown of the homogeneous repulsive Fermi liquid arising from such concurrent mechanisms has been recently observed in real time through pump-probe spectroscopic techniques [A. Amico et al., Phys. Rev. Lett. 121, 253602 (2018)]. These studies also lead to the discovery of an emergent metastable many-body state, an unpredicted quantum emulsion of anticorrelated fermions and pairs. Here, we investigate in detail the properties of such an exotic regime by studying the evolution of kinetic and release energies, the spectral response and coherence of the unpaired fermionic population, and its spin-density noise correlations. All our observations consistently point to a low-temperature heterogeneous phase, where paired and unpaired fermions macroscopically coexist while featuring micro-scale phase separation. Our findings open new appealing avenues for the exploration of quantum emulsions and also possibly of inhomogeneous superfluid regimes, where pair condensation may coexist with magnetic order.
I. INTRODUCTION
In strongly correlated electron systems, such as transitionmetal oxides and heavy fermion compounds, the simultaneous presence of multiple interaction mechanisms and the concurrence of distinct competing instabilities can lead to the spontaneous emergence of spatially inhomogeneous states. These are characterized by nanometer-scale structures hosting different phases and order parameters [1, 2] . The complexity of such materials lies at the heart of remarkable effects such as colossal magnetoresistance, and it may play a crucial role even for unconventional superconductivity [3] . Furthermore, it might have important consequences for applications of such materials beyond semiconducting electronics and spintronics, with the availability of different degrees of freedom simultaneously active in the many-body system, enabling giant responses to small perturbations [1] .
At a first glance, the great complexity of electron matter starkly contrasts with the simplicity offered by ultracold Fermi gases. Owing to their exceptional cleanliness and tunability, such systems are indeed considered as ideal testbeds for studying strong correlation phenomena within a variety of minimal many-body Hamiltonians. In particular, twocomponent Fermi mixtures with attractive interaction have been widely employed to experimentally explore the BCS-BEC crossover, providing fundamental new insights into the universal unitary regime [4, 5] , also for imbalanced spin populations [6] [7] [8] . On the other hand, repulsive Fermi gases close to a Feshbach resonance have been originally regarded as an * Corresponding author. E-mail: matteo.zaccanti@ino.cnr.it ideal platform for investigating the textbook Stoner model for itinerant ferromagnetism [9] [10] [11] [12] [13] , as this system embodies the two ingredients of Stoner's Hamiltonian -Fermi pressure and short-range repulsion -free from intricate band structures, additional kinds of interactions and disorder inherent to any condensed matter system. However, experimental attempts in this direction revealed a much richer and more subtle behavior, very different from the original Stoner scenario. Although convincing signatures for a ferromagnetic instability within the repulsive Fermi liquid have been obtained through studies of spin dynamics [14] and time-resolved quasi-particle spectroscopy [15, 16] , already early experiments [13, 17] found the system dynamics to be fundamentally affected by another type of instability, antithetical to ferromagnetism and associated with the tendency of repulsive fermions to combine into weakly bound pairs. This latter mechanism is intimately linked to the short-ranged nature of the interatomic interaction: The strong repulsion necessary for ferromagnetism to develop can only be attained if a weakly bound molecular state exists below the two-atom scattering threshold. As such, the repulsive Fermi gas represents an excited metastable branch of the many-body system, inherently affected by decay processes towards lower-lying molecular states, which become faster for larger repulsive interactions [17] [18] [19] . ural framework to understand this state is a quantum emulsion, where pairs and unpaired fermions macroscopically coexist while featuring phase segregation at the micro-scale of few interparticle spacings [16] . While this complex behavior undermines the prospects for the realization of the basic Stoner model with ultracold atoms, it connects the fate of repulsive Fermi gases to other intriguing instances of highly-correlated fermionic matter, and it thus makes their exploration highly relevant per se. In particular, the coexistence of paired and magnetic states within an ultracold quantum emulsion [20] could represent an unforeseen opportunity, as it possibly embodies the simplest form of complexity within a stronglycorrelated fermionic system. The existence of such heterogeneous state holds promise for novel phenomena, encompassing anomalous transport and localization [20] [21] [22] , nontrivial and yet poorly explored fermion-pair interactions [23] [24] [25] , and exotic superfluid phases [26] .
In this work, we provide a detailed characterization of the various properties of this long lived quantum emulsion regime of a two-component Fermi mixture of ultracold 6 Li atoms. In particular, by complementing high-resolution spectroscopy measurements [16] with trap release experiments and controlled interaction or temperature changes, we gain new insight into the development of ferromagnetic correlations and their persistence in the presence of pairing, which acts as a competing channel. By inspecting the quasi-particle coherence properties of the unpaired atomic components within the emerging fermion-pair mixture, we observe the dynamical breakdown of the repulsive Fermi liquid associated with a real-time suppression of the quasi-particles dressing, pointing to a vanishing short-range overlap between the two spin components. Finally, new spectroscopic and noise-correlation measurements provide further indications about the spatially heterogeneous character of such exotic many-body state.
The paper is organized as it follows: In Section 2 we recall the experimental procedure to selectively prepare the initial repulsive Fermi liquid state through rapid radio-frequency transfers. Section 3 presents evidence for the breakdown of the repulsive Fermi liquid and its relation to Stoner ferromagnetism, based on the observed dynamics of kinetic and interaction energies, and quasi-particle coherence measurements. Section 4 reports on the metastable, low-temperature nature of the correlated state developing after long hold times. Section 5 discusses spin density fluctuation and correlation measurements, and additional spectroscopic probing of the system, providing compelling arguments in favour of the spatially heterogeneous character of the emulsion state.
II. SELECTIVE PREPARATION OF A STRONGLY REPULSIVE FERMI LIQUID STATE
We produce a weakly interacting mixture of N 2 × 10 5 of 6 Li atoms, equally populating the two lowest hyperfine states, denoted as 1 and 2, respectively [27] . The atomic cloud is held in a cylindrically shaped optical dipole trap at a temperature as low as T 0.1 T F , where T F = E F /k B is the Fermi temperature and k B is the Boltzmann constant. E F =h(6Nω x ω y ω z ) 1/3 de- Protocol to prepare a strongly repulsive Fermi liquid. (a) Scattering lengths a 12 and a 13 between the 1-2 (grey) and 1-3 (blue) atomic states, respectively, as a function of the bias magnetic field strength. Two well-separated Feshbach resonances at 832 G and 690 G allow for tuning a 13 to large values, while only weakly affecting a 12 . (b) A spin-polarized Fermi gas of state-2 atoms is transferred in the adjacent state 3 by a radio-frequency photon with frequency ν 0 83 MHz, matching the bare atomic energy splitting hν 0 = E 3 − E 2 . (c) When mixed together with state-1 atoms, the spectral response is strongly modified by short-range 1-3 interactions. At magnetic fields between 640 and 680 G, the associated 2 → 3 spectrum is characterized both by a repulsive atomic peak located at positive detuning ∆ +0 from ν 0 , and a separate incoherent molecular association spectrum located at frequencies lower than ν 0 . Selective transfer along the upper branch of the Feshbach resonance, i.e. conversion of a weakly repulsive 1-2 mixture into a strongly repulsive 1-3 one, is obtained by applying a ∼ 100 µs-long RF pulse at positive detuning ∆ +0 . notes the peak Fermi energy, withh being the reduced Planck constant h/(2π). In order to reduce the effects of density inhomogeneity, we typically record the spectral response only within a central region of the trapped cloud [16] . The initial average density of state-2 atoms within this region sets the relevant Fermi energy ε F and wavevector κ F of the gas. This in turn sets a minimum Fermi time τ F = h/ε F 20 µs. Selective and rapid transfer to strong interactions is achieved by following a radio-frequency (RF) spin-injection protocol analogous to that presented in Ref. [16] , driving the transition from state 2 to state 3, i.e. the third-to-lowest hyperfine state. The broad Feshbach resonance between states 1 and 3 located at a bias magnetic field of 690 G enables to controllably tune the 1-3 s-wave scattering length a, and hence the contact interaction strength parametrized by κ F a. Within the magnetic field range explored in this study, spanning between 640 and 680 G, the 1-3 mixture is strongly repulsive, whereas any other pairwise combination involving the three lowest Zeeman states features only weak interactions [see Fig. 1a ]. By setting the RF field at a detuning corresponding to the repulsive quasi-particle resonance [see Fig. 1b -c], previously determined via precision RF spectroscopy and hereafter denoted as ∆ + (0), we selectively convert weakly repulsive 1-2 mixtures into strongly repulsive 1-3 ones by means of RF π-pulses with a duration of about 150 µs. Depending on the final 1-3 interaction, we obtain 2 → 3 transfer efficiencies that typically range between 98% and 75% for the weakest and strongest repulsion explored here, respectively. If not otherwise specified, the remaining state-2 atom population is selectively expelled from the trap immediately after the end of the RF pulse by means of a a 3 µs-long resonant optical blast, that negligibly affects the 1-3 mixture.
At the end of this procedure, the weakly interacting 1-2 mixture has been converted into a 1-3 strongly repulsive Fermi liquid, whose subsequent many-body dynamics can be monitored through different protocols, both at short and long evolution times. In Ref. [16] , we have reported on pump-probe spectroscopic measurements that enabled us to quantify both the initial growth rate of ferromagnetic and pairing correlations, and their competing action towards the reach of a semistationary regime. In essence, such a scheme relies on the study of both the center frequency ∆ + (t) ≥ 0, amplitude A(t) and width w + (t) of the coherent peak associated with the unpaired repulsive fermion population identified in the 3 → 2 probe response. At each time during the post-quench evolution, ∆ + (t) quantifies the interaction energy characterizing state-3 atoms within the 1 − 3 mixture, proportional in turn to the short-range 1-3 pair correlations [16] . The atomic peak area, proportional to A(t) · w + (t), owing to the absence of an overall density drop within the observation region, provides instead a real-time measure of the state-3 atomic population that has not recombined into molecular pairs. Finally, the atomic peak width w + (t) provides information about the coherence of the fermionic states, and about both thermal and collisional effects [16] . In the present study we combine such pump-probe spectroscopic technique with controlled interaction changes, implemented through magnetic field sweeps, as well as with other probing methods. These include measurements of kinetic and release energy, characterization of the atom-pair mixture stability, and studies of short-range spin density noise and correlations.
III. CHARACTERIZATION OF THE ATOMIC DOMAINS WITHIN AN ATOM-PAIR EMULSION
Previous studies on repulsive Fermi gases following an interaction quench revealed a behavior of the mean kinetic energy of the particles which was not monotonic as a function of the positive scattering length, increasing sharply or criti-cal values of repulsion [13] . This was interpreted as an indirect signature for a Stoner-like instability of the paramagnetic Fermi liquid towards formation of spin-polarized domains. When this happens, the short-range interaction energy is drastically reduced, at the cost of an increased kinetic energy associated with the larger Fermi pressure of a more tightly confined sample. However, later experiments by the same group [17] found that only part of the total energy was indeed converted into kinetic energy, the latter remaining a minor fraction of the release energy. Combined with the observation of a substantial and rapid conversion of the atomic cloud into paired states, this suggested the absence of a ferromagnetic phase. Here we show that the situation is actually richer: A quantum emulsion of atoms and pairs combines properties of a ferromagnetic and a paired state.
A. Kinetic versus interaction energy within the emulsion phase
Following the same preparation protocol developed in [16] , we investigate the behavior of the mean interaction, kinetic, and release energy of the fermionic atoms after some evolution at strong repulsion. We combine the precise determination of the interaction energy, spectroscopically quantified by measuring the instantaneous interaction shift ∆ + (t), with the study of the atomic cloud size by time-of-flight expansion performed in the presence or absence of interactions, thereby yielding the release and kinetic energy, respectively.
For each interaction strength and evolution time, the mean kinetic energy E kin (t) per atom is obtained by fitting the expanded density profile to a two-dimensional Gaussian envelope, from which we extract the radial and axial widths σ ⊥ (t) and σ x (t). In particular, we proceed as it follows: at a certain magnetic field we prepare the interacting gas by means of the fast RF transfer at ∆ + (0), followed by the cleaning op- 
FIG. 3. Kinetic and interaction energy of state-3 atoms as a function of the interaction strength. Blue circles represent the increase of kinetic energy δ E kin (2 ms) of the fermions measured via ballistic expansion after 2 ms of evolution in the interacting state. For each interaction strength, E kin is obtained by averaging over typically five experimental realizations for each time of flight, which in turn is varied between 0.5 and 3 ms in 0.5 ms steps. Purple triangles (red diamonds) denote the average interaction energy ∆ + (t) experienced by the atoms after zero ms (2 ms) of evolution in the interacting state, obtained through RF spectroscopy. While δ E kin (2 ms) and ∆ + (0) monotonically increase with the interaction strength, ∆ + (2 ms) exhibits a non-monotonic trend, with a maximum at about κ F a 0.6. (Inset) Relative increase of kinetic energy of the fermions measured at different evolution times for κ F a 1. Only after some time, the interaction energy is converted into kinetic one. All data points are normalized to the mean kinetic energy E kin (0) measured for a noninteracting Fermi gas at T /T F = 0.12(2). tical blast, and we wait for a variable evolution time t in the trap. Immediately before switching off the dipole potential, we apply a 150 µs pulse at ∆ + (t), which selectively transfers the remaining unpaired state-3 atoms back into the weakly interacting state 2. We then let the gas expand for a variable time-of-flight, during which the state-2 atoms undergo ballistic expansion (see Fig. 2 ), and acquire a spin-selective absorption image. Owing to the reduced atomic signal, especially at strong coupling and long evolution times, we typically expand the clouds for a time-of-flight not exceeding 3 ms. This time is comparable to the radial trap period, but still shorter than the axial one. For this reason, the mean kinetic energy of the atoms is determined by fitting the expansion of the radial width σ ⊥ (t):
where σ ⊥0 is the in-situ radial width of the cloud.
In Fig. 3 , blue circles represent the trend of the relative increase of kinetic energy δ E kin (2 ms) = E kin (2 ms) − E kin (0) normalized to the energy measured for a non-interacting sample at the same temperature E kin (0), recorded 2 ms after the transfer into the interacting state, as a function of the interaction strength. For initial interaction strengths κ F a 0.6, the gas kinetic energy sharply grows above its value at weak interactions, with a relative increase as large as 50%. This trend is in good agreement with the results of previous studies [17] , and it is consistent with the development of anticorrelations Relative kinetic energy increase plus interaction energy of the state-3 atoms after 2 ms of evolution in the trap (blue squares) and initial interaction energy (purple triangles) versus interaction strength. All data are normalized to the kinetic energy measured for a non-interacting Fermi gas at T /T F = 0.12 (2) . The excellent overlap between the two quantities points to an almost perfect conversion of (initial) interaction into (final) kinetic energy, ruling out that the system heats up considerably over this timescales.
between the two atomic spin states, which reduce the repulsive interaction energy at the price of an increased kinetic energy. The observed 50% increase in E kin at strong coupling is quantitatively consistent with the development of fully spinpolarized domains, which are expected to cause a relative enhancement of 2 2/3 ∼ 1.6 for homogeneous samples. On the other hand, such an increase could also arise from a combination of heating, associated with inelastic decay processes developing within the first milliseconds of evolution, and kinetic energy increase due to domain formation in a trapped system, which in turn would cause a factor 2 1/3 1.25 enhancement of E kin . In Fig. 3 , we also display the interaction energies h∆ + (0) (purple triangles) and h∆ + (2 ms) (red diamonds), measured via RF spectroscopy at the beginning and after 2 ms of evolution, respectively. While h∆ + (0) monotonically increases with κ F a, h∆ + (2 ms), after an initial growth, features a pronounced drop at strong couplings.
It is interesting to inspect how the variations of the mean interaction and kinetic energy of unpaired fermions, stemming from the evolution at strong interactions, compare with their initial interaction energy. In Fig. 4 , we compare the sum δ E kin (2 ms) + h∆ + (2 ms) with the initial interaction energy h∆ + (0) at varying κ F a. The almost perfect overlap between the two quantities shows that, at least within such a timescale of about ∼ 100τ F , heating effects are insignificant, the interaction energy drop being fully converted into kinetic energy. This observation consistently points to the development of polarized domains as predicted by the Stoner mechanism, but in coexistence with a sizable molecular fraction. (2) . For all interaction regimes explored, the release energy always exceeds the kinetic one, owing to collisional hydrodynamic expansion of the atom-molecule mixture during the time-of-flight expansion, which causes an energy transfer from the molecular to the fermionic cloud.
B. Release versus kinetic energy measurements
Our observation of an almost perfect conversion of h∆ + (0) into E kin (t) at strong repulsion appears inconsistent with the characterization reported in the Supplementary Materials of Ref. [17] of the release energy E rel , which was found to greatly exceed E kin for all interaction regimes. This apparently different behavior can be first attributed to the fact that in Ref. [17] the system was presumably not allowed to evolve for enough time in the repulsive state. Indeed, as shown in the inset of Fig. 3 for κ F a 1, the kinetic energy progressively increases with the time spent in the interacting regime, reaching a steady value for times exceeding 2 ms, on the order of half of our radial trap period. We thus perform an independent measurement of the release energy after a 2 ms-long evolution time of the 1-3 repulsive mixture. The data are recorded by letting the gas expand in the presence of interactions, and selectively transferring the state-3 atoms back in the state 2 only right before acquiring the image. The results are presented in Fig. 5 . There we compare, for different κ F a values, the previously determined kinetic energy E kin (2 ms) with the release energy E rel (2 ms), both normalized to the initial E kin (0) value.
In spite of a longer time spent in the interacting state, also in this case E rel always exceeds E kin , consistent with the observations of Ref. [17] and seemingly in contrast with the trend reported in Fig. 4 . This mismatch is solved by noticing that the release energy provides a reasonable estimate of E kin + E int only if the gas features a negligible molecular fraction, since bosonic dimers can store a significant amount of interaction energy. As a consequence, the measurement of E rel in the presence of a substantial paired population is crucially affected by the energy transfer between molecular and atomic samples during the collision-driven hydrodynamic expansion, clarifying the seemingly contrasting results from previous studies [13, 17] . Most importantly, these observations also reveal that the trend of the fermionic components in the semi-stationary state, reached after a few ms evolution at strong coupling, appears surprisingly compatible with the Stoner's criterion, in spite of the presence of a sizable paired fraction, totally neglected in the original Stoner model.
C. Characterization of polarized domains via Rabi oscillations
To gain deeper insights into the breakdown of the homogeneous repulsive Fermi liquid towards the emulsion state, we perform Rabi oscillation measurements on the state-3 atoms. The underlying idea of this characterization is that particles arranged into polarized domains will substantially differ from the quasi-particles composing the paramagnetic Fermi liquid phase, as they will behave as bare, non-interacting atoms. As such, they will feature a unity quasi-particle weight [8] . For interacting fermions, a reduction of the quasi-particle residue leads to a renormalization of the Rabi frequency, as demonstrated by recent experiments in the polaronic limit [15, 28] . By monitoring the Rabi oscillations, both in the Fermi liquid and in the emulsion regimes, we therefore obtain spectroscopic information not only about energy shifts, but also on the coupling matrix elements and thus about the character of the quasi-particles.
For this measurement we set the RF frequency at the previously determined ∆ + (t), while the RF power is adjusted to the maximum value allowed by our apparatus. We extract the frequency Ω and the damping rate γ R by fitting the data with the function f (t) = A e −Γ R t + B e −γ R t cos(Ωt), describing a Rabi oscillation at frequency Ω/(2π) with a damping γ R and a state-3 atomic population decay rate Γ R (with A, B 0.5) [15] . In the Fermi liquid regime, addressed by Rabi flipping state-2 atoms with the RF field set at ∆ + (0) (see yellow circles in Fig. 6a ), the renormalization of quasiparticle coherence, encoded in a quasiparticle weight smaller than unity, results in Ω/Ω 0 ≤ 1 [15, 28] . Here, Ω 0 denotes the free-atom Rabi frequency, experimentally calibrated using a spin-polarized state-2 Fermi gas (gray circles in Fig. 6a ). In turn, in the emulsion phase, emerging in our system shortly after a first pump pulse and resulting in ∆ + (t) 0, coherent oscillations occur at a Rabi frequency compatible with that of a spin-polarized gas, Ω/Ω 0 = 1, yet featuring a finite damping (red circles in Fig. 6a ). This trend of the Rabi frequency is summarized in Fig. 6b for κ F a 2, where we compare Ω/Ω 0 extracted by monitoring the 2 ↔ 3 Rabi flopping at different detunings ∆ of the RF drive from the non-interacting transition frequency and two different hold times preceding the Rabi driving.
In both cases, the Rabi frequency quantitatively matches the usual relation Ω ∆ ∼ √ Ω 2 + ∆ 2 expected by coherently coupling two discrete energy levels. One should also note that in the zero (1 ms) hold time the minimum value Ω/Ω 0 < 1 (Ω/Ω 0 = 1) is reached at a positive (zero) detuning from the free atom transition resonance. This observation further supports the emergence of the emulsion state at strong coupling: in such a state spin-polarized atomic clusters may form, Rabi oscillation is also shown as a reference (grey circles). (b) Behavior of the Rabi frequency versus detuning from the bare-atom resonance at κ F a 2, both for the emulsion phase (gray squares), and in the paramagnetic system (red circles). For reaching the emulsion state, we let the system evolve in the interacting state for 1 ms, after which we drive Rabi oscillations setting the frequency around the location of the atomic peak. For the paramagnetic system, we drive Rabi oscillations by starting with a 1-2 weakly-interacting paramagnetic mixture. In both cases the RF power was set to the maximum value allowed by our amplifier, resulting in free-atom Rabi frequencies of about 5.2 kHz. Atoms driven on the 2-3 transition in the mixed system feature a considerably strong renormalization of the frequency, Ω < Ω 0 , which reaches its minimum at ∆ + (0) ∼ 2 kHz. In turn, atoms in the emulsion case oscillate at the bare atom Rabi frequency, which is minimized for nearly zero detuning ν − ν 0 200 Hz.
within which state-3 fermions behave as non-interacting particles with unity quasiparticle weight. On the other hand, the damping of such coherent oscillations remains sizable, see Fig. 6a . This agrees with the picture of micro-domains of only a few interparticle spacings, so that the heterogeneous spin texture may rearrange itself during the Rabi cycles, allowing for collisional decoherence effects to develop.
The quick development of short-range anti-correlations and micro-sized domains [16] is also signaled by the rapid varia-tion of Ω/Ω 0 with the time spent in the strongly repulsive regime. As shown in the inset of Fig. 6b , the measured Rabi frequency matches the bare atomic one already about 10 τ F after the transfer into the interacting regime. This conclusion is also confirmed by the absence of any signature of macroscopic phase separation, discussed in our previous works [13, 16, 17] .
IV. STABILITY OF THE QUANTUM EMULSION
The measurements presented so far reveal the highly correlated character of the emulsion state. While a large fraction of the two initial spin components is rapidly converted into atom pairs, the surviving fermions exhibit aspects of ferromagnetic behavior predicted for a purely repulsive Fermi system. In this section we move to address two key questions: The first one concerns the trend of the system at longer times, and the second one is about the role of the initial degree of degeneracy. On the one hand, a strongly correlated state should not to exist at high temperatures. On the other hand, one would expect a sizable heating associated with the energy released in the pair formation processes, of about 2ε F at κ F a 1.
A. Stabilization and melting of the quantum emulsion
We now focus on measurements targeted to test the metastability of this exotic many-body system. Specifically, we investigate the response of the emulsion state to slow changes of the interaction strength, by monitoring the interaction shift ∆ + and the atomic peak area, revealed by a probe 3 → 2 spectroscopy pulse.
In Fig. 7a , we present a measurement of ∆ + obtained by letting first the emulsion develop for 1 ms at κ F a 0.9 (steps 1 and 2), and by successively decreasing the interaction to lower final (κ F a) f values (marked as 3 and 4 in the figure) through a linear magnetic field ramp. The interaction shift ∆ + , measured after the Feshbach sweep, progressively increases from its smaller value at κ F a 0.9, matching within experimental uncertainty the asymptotic shift ∆ + (∞) recorded for a system directly initialized at (κ F a) f . The restoration of the interactions shifts at lower (κ F a) f values that correspond to the paramagnetic Fermi liquid phase, observed in spite of a partial (irreversible) atom-molecule conversion, is consistent with an interaction-driven melting of micro-domains within the heterogeneous phase. Moreover, such observation further rules out that the negligibly small ∆ + values obtained at sufficiently long evolution times in the strong coupling regime [16] arise as a trivial consequence of the heating associated with the pairing processes. If heating, rather than anti-correlations, caused the drop in the interaction energy, a sizable repulsive shift could not be restored by decreasing κ F a, and it would be inconsistent with the observed reversibility.
Another non-trivial feature of the peculiar atom-molecule mixture reached at long time is highlighted in Fig. 7b . Here, the green circles display the evolution of the atomic peak amplitude obtained by first creating the emulsion at κ F a 0.9, and successively increasing the coupling to (κ F a) f 2.3. This trend is contrasted with the behavior of a system evolving at the initial (blue circles) and final (orange circles) interaction strengths, respectively. Let us first focus on the dynamics featured by the gas at the two fixed interaction regimes. Differently from the monotonic increase of the pairing rate observed right after the transfer into the repulsive 1-3 state [16] , the remaining atomic population at long evolution times greatly increases with (κ F a). Such a trend could be in principle interpreted as the establishment of chemical equilibrium between atoms and pairs in a hot, incoherent paramagnetic state. For stronger couplings, the molecular binding weakens and, as a consequence, the surviving atomic fraction at fixed temperature is expected to increase [29] . However, this interpretation is inconsistent with the trend of the fermionic fraction revealed by letting the system initially evolve at κ F a 0.9, and then increasing the interaction strength. Since in this case, the measured temperature is within experimental uncertainty the same as the one measured at the final field without magnetic sweep, the significantly larger atomic fraction appears irreconcilable with a chemically-equilibrated mixture. Rather, the increased coupling, externally imparted after the emulsion is created at κ F a 0.9, strongly inhibits inelastic recombination processes. This behavior can be naturally explained if we assume that the atomic density distributions are spatially inhomogeneous: In that case, pairing can only occur if atoms from oppositely-polarized clusters diffuse throughout intermediate mixed or molecular layers. The latter act as repulsive barriers monotonically increasing with κ F a, hence suppressing pair formation at strong coupling. In addition to providing further signature of micro-scale phase segregation, Figure 7b data also highlight the extraordinary stability of such a highly-correlated state of matter: Over timescales exceeding 100 ms, i.e. approximately 10 4 τ F , comparable to the lifetime of molecular superfluids [4] , little dynamics occurs, mainly ascribed to plain evaporation from the dipole trap.
B. Temperature dependence of the emulsion regime
In this section we explore the effect of an initially lower degree of degeneracy on the stability of the emulsion phase. For this purpose, we determine the center and the area of the atomic peak from probe 3 → 2 spectra, recorded by letting either a highly degenerate sample at T /T F = 0.12(2), or an initially hotter gas at T /T F 0.3, evolve in the interacting state. For both temperature regimes investigated, pump and probe RF pulses are fixed to be 160 and 300 µs, respectively. Examples of this characterization are presented in Fig. 8 . For all data sets, we adjust the trap frequencies and the atom number so as to keep the same central density, hence Fermi energy, within a 20% uncertainty. This results in similar initial ∆ + (0) values for similar values of κ F a ∼ 1.2. From Fig. 8a , one can notice how a higher T /T F = 0.3 yields a faster atom-to-molecule conversion, relative to the one detected at T /T F = 0.12 (2) . Moreover, the semi-stationary fermionic fraction reached at long evolution times is significantly larger for highly degenerate samples, rather than for the hotter ones. This is opposite to what one would expect for an atom-molecule mixture in thermal and chemical equilibrium, where at T = 0 the sample is purely molecular, and where a higher temperature yields an increased fraction of unpaired atoms [29] .
As the evolution of the interaction energy is concerned, see Fig. 8b , our measurements reveal that the drop of the interaction shift at fixed atomic fraction becomes less pronounced for a decreased gas degeneracy, remaining sizable even once semi-stationary conditions have been reached. This trend suggests that the emulsion phase is attained only in the highly degenerate regime, at least for κ F a ∼ 1. Namely, lowering the temperature leads to smaller interaction energies. This is similar to the expectation of the Stoner model, where only at sufficiently low temperatures the gas becomes ferromagnetic due to macroscopic phase separation. Here, we observe this behavior within a micro-emulsion state.
The data in Figure 8b also rule out that the ∆ + (t) drop is af- fected by higher order partial wave contributions connected with the atom-molecule scattering. In particular, p−wave atom-dimer interactions are known to be attractive [23] also for equal mass mixtures, and they are expected to increase, relative to the s−wave ones, for increased collision energy [30] . If these were sizable, the overall drop of ∆ + should become more pronounced for higher temperature regimes. This scenario appears inconsistent with our observation in Figure 8b, where the most significant reduction of the interaction shift is attained in the highly degenerate regime.
V. PROBING MICRO-SCALE INHOMOGENEITY
The characterization of the semi-stationary state reached at long evolution times at strong coupling is complicated since micro-scale inhomogeneity cannot be directly detected through spin-selective in situ imaging of the cloud. This is due to line-of-sight integration of our three dimensional samples and to the small estimated domain size, only slightly larger than our imaging resolution of about 1.3µm. In this section we discuss two additional characterizations that overcome this issue and that further point to the existence of a heterogeneous emulsion phase within the central, high density region of the cloud. These studies rely both on the local measurements of spin density fluctuations [17, [31] [32] [33] and their spatial correlations [20] , and on a special RF spectroscopy protocol involving a three spin state combination, which exploits a small state-2 non interacting component as a local probe for spin density inhomogeneities of the 1-3 mixture.
A. Noise correlation measurements
Spin density fluctuations [17, [31] [32] [33] and their spatial correlations [20] are sensitive to the presence of spin inhomogeneities. In particular, the presence of spin-polarized clusters in a spin-balanced sample leads to an increased variance of the spin number fluctuations inside any probe volume with a transverse size comparable or larger than the imaging resolution [17] that, otherwise, smears out and thus increases the effective probe volume. In the simplistic case of Poissonian fluctuations, the enhancement of spin variance in a heterogeneous sample, relative to that of a paramagnetic one, would directly reflect the mean number of spins per domain [17] . Moreover, in an emulsion of spin domains with mean size d, spin density-density correlations at distance R < d (R > d) are expected to be enhanced (reduced) relative to a homogeneous configuration [20, 34] . Investigating these observables in our system thus provides valuable information about possible spatial structures at the micro-scale.
Experimentally, density correlations are retrieved at different evolution times and interaction strengths by acquiring N ≈ 80 in situ absorption images of state-3 clouds. Owing to the shallow nature of the dimers, the imaging light probes equally atoms and molecules. We then extract both the mean local column-integrated density n(r) , as well as the spin density-density correlation function, defined as C(r, r + R) = (n(r) − n(r) ) (n(r + R) − n(r + R) ) , where . . . denotes the mean over N experimental realizations. Focusing within a central, denser region ℜ of the gas (of 60 · 30 µm 2 and indicated as a white rectangle in Fig. 9a ), we then evaluate the mean azimuthally-averaged correlator C(R) at distance R therein: C(R) = (N r − N r )(N r+R − N r+R ) ℜ . Here N r stems for the average state-3 number at position r obtained from all N images, and · ℜ is an average over all pixels within the region ℜ. From C(R), one can also straightforwardly obtain the state-3 number variance (∆N) 2 ≡ C(0). Figure 9b presents the evolution of (∆N) 2 normalized to that of a non-interacting gas (∆N) 2 0 , for κ F a 0.35 and 1.2, respectively. While for the weaker interaction we observe only a small increase of fluctuations, compatible with a moderately enhanced spin susceptibility [31, 35] , for κ F a 1.2 one can notice a more pronounced growth of (∆N) 2 . The timescale of such evolution appears consistent with that of the spectral response at the same κ F a reported in our previous study Ref. [16] , suggesting a common microscopic origin for the dynamics of the two observables. The observed maximum two-fold increase of the column-integrated spin fluctuations (∆N) 2 rules out the formation of any larger domain, but it is consistent with spin separation occurring only on a small µmscale of few interparticle spacings. This is in agreement with a domain-size estimate based on our recent measurement of the growth rate Γ ∆ for ferromagnetic anti-correlations [16] , i.e. ξ ≈ 2π/κ F [19] .
The absence of larger domains can also be inferred from the extracted trend of C(R). Fig. 10 shows C(R) normalized to the average atom number N per probe volume, recorded after 700 µs of evolution at κ F a 0.35 and 1.2, respectively. For the former case (gray diamonds), C(R) features a trend similar to that measured in weakly-interacting samples, associated with the point spread function of our imaging system. For κ F a 1.2, aside the aforementioned enhancement of C(0) with respect to the weakly-repulsive gas, C(R) features a sharper drop for R ≤ 2.5 µm, and it eventually turns slightly negative around R ∼ 3µm. Such a trend, qualitatively matching the one expected for a micro-emulsion heterogeneous phase [20, 34] , implies a correlation length comparable with, or smaller than our optical resolution. It is also important to remark that our results are fully consistent with the ones previously reported in Ref. [17] , although these latter observations were obtained by using slightly different experimental procedures.
B. RF spectroscopy on a three-component mixture
Another way to probe micro-scale phase separation within the emulsion state is enabled by a slightly modified pumpprobe spectroscopy protocol: In contrast with the one employed for all studies discussed throughout this paper and in our previous work Ref. [16] , for this measurement the optical blast following the RF pump pulse is not applied. In this case, the gas comprises three different spin states and, after some evolution time, four different components, see sketch in Fig. 11 : unpaired state-1 and -3 resonantly interacting fermions, 1 − 3 molecules created by pairing processes during the dynamics, and a small fraction of state-2 atoms, interacting only weakly with all other kinds of trapped particles. In general, the presence of three distinguishable fermionic states has detrimental effects on the stability of the trapped gas, limiting the lifetime of the overall population in the trap through three-body inelastic decay processes towards deeply-bound molecular states [36, 37] . On the other hand, we have checked that a small state-2 population not exceeding 30% of that of state-3, does not cause substantially enhanced losses within the first 2 ms of evolution. As such, state-2 fermions can be considered as weakly-interacting spectators of the correlated many-body dynamics in the 1 − 3 mixture and the emergent δν = Δ ad~ 0.9Δ + For positive detunings, state-2 atoms, that are spread all over the density distributions of the other atomic and molecular components, can be transferred into the resonant 3 state. Irrespective of whether the state-2 fermions locally experience a molecular or a state-3 atomic bath, the optimum transfer occurs at positive detunings ∆ + ∆ ad , and it yields a negative peak in the spectral response. emulsion phase. In particular, while state-1 and -3 atoms, as well as 1 − 3 pairs, may arrange within spatially distinct micro-domains, as depicted in the skecth in Fig. 11 , the state-2 component occupies the whole trap volume, featuring a density distribution of a weakly-interacting Fermi gas.
Application of a 3 ↔ 2 spectroscopy pulse after some evolution time within such a four component atom-pair admixture is expected to induce different types of transfer processes, schematically identified in Fig. 11 : (i) At a detuning ∆ + (t) 0 from the bare 2 ↔ 3 transition, it can transfer a state-3 fermion within a polarized domain composing the emulsion phase, back into the weakly interacting spin state 2. On the contrary, an atom initially in state 2 experiences a full overlap with all other mixture components, in particular with leftover state-1 fermions and with 1 − 3 pairs. As a consequence, the resonance RF frequency enabling its transfer into the interacting state will be blue shifted, relative to the bare atomic transition. Since the overall density is weakly affected by the development of the emulsion state, and since atom-dimer interactions at low temperature are essentially as repulsive as the atom-atom ones, the associated spectroscopy signal will result in a negative peak centered at positive detunings, essentially indistinguishable one from another: (ii) ∆ ad 0.9∆ + (0) if the state-2 fermion is overlapped with a molecular cluster, or (iii) ∆ + (0) when surrounded by unpaired state-1 atoms. Finally, for large and negative detunings, the probe pulse may also drive bound-to-free dissociation processes of the kind 1 − 3 → 1 + 2, or vice versa free-to-bound 1 + 2 → 1 − 3 transitions, not shown in the sketch. As a result of these different possible transfers (and neglecting pair dissociation or association processes), the overall spectral response within a spatially heterogeneous phase is expected to exhibit a characteristic peak-plus-dip structure.
A totally different scenario would result for a paramagnetic phase. In that case, all components would feature full spatial overlap throughout the trap: Hence, spin-injection processes of the kind (i) would yield a positive peak centered at the same positive detunings that characterize transitions of the kind (ii) and (iii), respectively. In the paramagnetic case, the overall spectral response would thus feature a single peak structure on top of a non-zero background signal, whose total amplitude (positive or negative) solely depends upon the ratio between the state-2 and state-3 populations, initially adjusted by the pump pulse. The presence or absence of a heterogeneous phase within our trapped sample can therefore be revealed by the spectral response of a three-state sample.
We apply this conceptual strategy in the experiment by initializing the system at strong repulsion, κ F a ∼ 1.7, where the initial interaction shift ∆ + (0) is substantial, and the possible presence of a peak-plus-dip structure may be resolved in spite of collisional broadening of the spectral lines. In particular, starting from a balanced 1-2 mixture, we adjust the pump pulse parameters to create a three state combination with a leftover state-2 fraction approximately equal to 30% of the initial population. We then allow the system to evolve for some variable time in the interacting state, eventually reaching the emulsion phase, before applying the second spectroscopy pulse. From spin-selective absorption imaging of both state-2 and state-3 atoms recorded in situ right after the probe pulse, we then determine the local spectral response, both within the central and the outermost region of the trapped sample. The outcome of this characterization, performed at different evolution times, is summarized in Fig. 12. In particular, Fig. 12a shows the signals N 2 /(N 2 + N 3 ) recorded at various times (see legend) within the denser region of the sample, where the emulsion is expected to form, whereas Fig. 12b presents the spectral response obtained for the outermost, low density part of the cloud, likely remaining in the paramagnetic state. For both cases, the spectroscopy signal N 3 /(N 2 + N 3 ), measured by transferring the weakly-interacting 1-2 mixture into the strongly repulsive 1-3 one (dashed gray curve, right axis), is also shown as a reference.
Focusing on Fig. 12a , associated with the central trap region, one can indeed notice the appearance of two oppositelyoriented spectral features: based on the previous discussion, we interpret the first positive bump close to zero-detuning as arising from state-3 atoms in a spin-polarized domain transferred into state 2 at the free atom resonance frequency. The second negative feature at positive detuning marks instead the optimum frequency for transferring state-2 atoms, initially spread over the entire trap, into the repulsive regime. As the system evolves in time, the former peak becomes progressively lower owing to molecule formation, while the latter peak amplitude remains essentially unchanged. Parallel to the decreased weight of the 3 → 2 spectral contribution, one can also notice the emergence of the molecule dissociation spectrum at negative detunings. Further, we remark that the opening of inelastic decay channels associated with the presence of three distinguishable fermionic species, although not completely impeding the development of the emulsion phase at short times, considerably decreases its lifetime relative to the In both panels, the pump spectra are shown as a reference (gray dashed lines, right y-axis), and the different colors correspond to the different evolution times indicated in the legend. While state-3 atoms evolve into the emulsion phase within the central region, leading to ∆ + (t) → 0, state-2 atoms remain mixed at all times with all other particles (state-1 and 3 fermions, and 1-3 molecules, respectively). As such, the spectral response of state-2 atoms starkly differs from that of state-3 surviving fermions, simultaneously probed with the near resonant 2-3 RF frequency pulse. This leads, within the denser part of the sample, to a double-peak structure at positive detuning: the negative peak refers to state-2 atoms being transferred in state 3. The positive peak near zero detuning corresponds instead to state-3 atoms transferred back from the emulsion phase. The double feature is absent in the paramagnetic wings of the distribution where both state-3 and 2 atoms are always mixed with the surrounding medium. In panel (a) it is also visible the onset of the molecule dissociation spectrum at negative detuning, whose weight progressively increases with time.
case considered in the previous sections, where an almost balanced 1-3 atomic mixture was prepared. In Fig. 12b we show how such a peculiar double-peak structure, revealed within the denser region of the sample, is totally absent when monitoring the spectral response in the outer, low-density wings of the gas. According with our expectation, owing to the reduced density, and hence interaction strength, this latter region of the sample remains in the paramagnetic phase at all times. This leads to the appearance of one single spectral feature at small positive detuning, weakly varying over 1 ms of evolution. In conclusion of this section, we remark that throughout our work we have discussed the properties of this highlycorrelated state of fermions and pairs in terms of a heterogeneous quantum emulsion, consisting of micro-domains of size on the order of the interatomic distance. In some sense, this regime would not substantially differ from a paramagnetic atom-molecule mixture, where the wavefunctions of the three different components have vanishing overlap and are anti-correlated [38] . Ultimately, to distinguish between those two scenarios requires either detailed many-body calculations, or experiments with microscopic probes at the atomic length scale.
VI. CONCLUSIONS AND OUTLOOK
To summarize, in this work we have thoroughly explored the properties of a highly-correlated state emerging from a Fermi gas mixture coherently quenched to strong repulsion [16] . Trap release measurements have enabled us to investigate how the correlated state trades in kinetic energy for interaction energy, and to reconcile seemingly discordant observations reported in previous studies [13, 17] . Rabi oscillation measurements unveiled in real time the breakdown of the homogeneous repulsive Fermi liquid, in favor of a rapidly developed heterogeneous phase composed of molecular and spin-polarized atomic micro-domains [16] . The regions of metastability for this quantum emulsion in terms of temperature and interaction strength have been tested through RF pump-probe spectroscopy. The micro-emulsion state is favored by low temperature and strong interactions, and consists of a metastable atom-molecule mixture which is not described by thermal and chemical equilibrium. Finally, while micro-scale phase separation of atoms and pairs at strong coupling still lacks direct observation, strong signatures of the heterogeneous character of such a highly-correlated regime were obtained, both via the study of density-density correlations and through novel spectroscopic protocols. As such, our study provides new important insights in the compelling dynamics of a repulsive Fermi gas, subject to the concurrent action of pairing and ferromagnetic instabilities. While dissipative pairing processes do not fundamentally hinder the possibility to investigate some aspects of Stoner's model within such an ultracold system, they appear crucially important for the emergence of a new form of quantum matter.
The heterogeneous character of the resulting metastable phase investigated in this work links the physics of the repulsive Fermi gas to certain strongly correlated electron materials, where competing order parameters coexist in nanoscale phase separation [1, 3] . The realization of such an exotic atom-pair quantum emulsion opens unforeseen new perspectives: In the future, it will be interesting to explore the finitemomentum response and the transport properties of atoms and pairs in such a spatially inhomogeneous gas, and to explore its robustness in weak optical lattices [39, 40] or lower dimensions [41, 42] . Further, quantum gas microscopes could uniquely explore the emergence of such a phase, with the competition between anti-ferromagnetic ordering favored by the undelying lattice structure and quantum emulsions of itinerant fermions. Finally, our protocols could provide exciting possibilities to dynamically create elusive phases of magnetized superfluidity [43] [44] [45] , and to spontaneously attain mesoscopic magnetic impurities within strongly interacting superfluids [46] .
